Status number, gene diversity, inbreeding coefficient and genetic gain were calculated following phenotypic rogueing of different intensities in a half-sib progeny plantation of Scots pine (Pinus sylvestris L.). Across most selection intensities the status number, gene diversity and genetic gain remained favorably high while the inbreeding coefficient was remarkably stable. It is suggested that phenotypic selection in half-sib progeny tests or plantations with unknown pedigrees, can be used to manage seed collection areas or as a component in low-input breeding without a fast build up of coancestry or inbreeding, provided the initial number of progenies of unrelated parents is sufficiently high and that a high number of these families are retained with a few individuals per family.
Introduction
In many situations tree improvement technology is severely limited by available resources. When using low input options, like half-sib plantations, intensive thinning is necessary to obtain even modest genetic gain. As test material half-sib families are usually used for field genetic testing. The same kind of material is planted or sown to establish seedling seed orchards. The flexible strategy that lies somewhere between a seedling seed orchard and a progeny test is a breeding seedling orchard (BARNES, 1995) . LINDGREN (2000) suggested the gene resource plantation, as a low-input variant of a breeding seed orchard. Low-input breeding is considered inexpensive, convenient, simple, robust, local, and requires little record keeping or central control (LIND-GREN, 2003) . Gene resource plantations may be established from open pollinated selected trees as progeny tests and seed orchards, or as a mixture of unidentified half-sib families similar to operational plantations. Regardless, gene resource plantations should be subjected to intense rogueing so that desirable, well-adapted phenotypes are favored. When rogueing gene resource plantations the relationships between genetic gain, inbreeding and genetic diversity must be well understood. These factors must be predicted to adequately manage gene resource plantations and to plan seed collection. The aim of this study was to simulate a lowinput breeding scenario and calculate various genetic parameters following different thinning intensities in a half-sib progeny test.
Material and Methods

Experimental data
This study used a Scots pine progeny trial located at latitude 64°01'N and longitude 20°34'E in northern Sweden (PERSSON, 1999) . The progeny trial was established in 1986 at 1.5 x 2.2 m spacing on a site with an estimated site index of T20 (that means that upper height of 100-year-old pine is predicted to be 20 meters). This trial was comprised of 98 open-pollinated families of Scots pine plus trees selected from 24 naturally or artificially regenerated stands situated between 65°28'N and 66°45'N. One-year old seedlings were planted using a single tree plot design with 15 replications although not all families were fully replicated. In 1995, ten years after planting, tree-height data were collected and used as the basis for the theoretical rogueing calculations.
Calculations and Assumptions
A progeny trial of open-pollinated families consists of a number of half-sibs. It is assumed there is no inbreeding and no relatedness except that half-sibs share one parent (seed parent). The height of the trees is known and it is assumed the trial is rogued using truncation selection for height. The number of trees in each family is n i , where i is the family identification. The probability that two different trees taken at random are related as half-sibs is calculated. The probability that the first tree belongs to family i is n i /n T . The probability that the second tree also belongs to family i is (n i -1)/(n T -1). Thus the probability that both the first and the second tree belong to family i is n i (n i -1)/((n T n T -1)). The probability that any two trees in the trial both belong to the same family is obtained by summing over all families, or
The following calculations refer to different variations of coancestry, which is the probability that two genes drawn from individuals are identical by descent. Selfcoancestry is the coancestry of an individual with itself. Group coancestry is the probability that two genes drawn from a group of individuals are identical by descent, that is, the average of all possible coancestries among a group of individuals including self-coancestry. Average pair-coancestry refers to group coancestry excluding self-coancestry. Therefore, group coancestry is the sum of self-coancestry and average pair-coancestry. The coancestry for half-sibs is 1/8, and the probability that a gene in one individual is identical by descent to a gene in a half-sib is 1/8. Thus, the average pair-coancestry (θ) for half-sibs is calculated as 1/8 of the probability that any two trees in the same trial belong to the same family. Half-sibs share two grandparents out of four, thus the probability that genes taken from half-sibs originate from the same grandparent is 1/4. Given that it is the same grandparent, there are two possible genes. Thus it is one chance in eight that genes taken from half-sibs are identical copies of the same gene in the grandparent generation, thus coancestry for half-sibs is set to 1/8
Genetic Gain and Gene
Because the level of inbreeding in a population is correlated to the relatedness of the individuals the expected inbreeding coefficient (F) of the seed resulting from random mating among the remaining trees in the progeny trial (without selfing) is the same as the average pair-coancestry of the parents.
Group coancestry (Θ) for the half-sib population was calculated as (3) Group coancestry can also be used to derive gene diversity, GD, which is defined as the probability that genes are not identical by descent in the gene pool. Gene diversity is expressed as (4) Status number (N s ) is an effective number defined by LINDGREN et al. (1996) as half the inverse of the group coancestry (5) The factor 0.5 in equation (5) is logical considering that individual trees have two genes and the transformation of a gene pool characteristic to one considering trees has to include a factor 2 (0.5). Status number describes the actual population in terms of a theoretical population size that is unaffected by inbreeding or relatedness. The degree to which status number is smaller than the census number depends on the amount of inbreeding and relatedness in the population. For example, status number is the same as census number for a population without inbreeding or relatedness. It is often practical to relate status number with census number (N) in the population, thus relative status number (N r ) is (6) The statistical model used to estimate the variance components was: (7) where Y is the total tree height, µ is the overall mean, R j and F i are the effects of replication ( j = 1…15) and family (i = 1…98) respectively, and ε l is the experimental error. Estimates of variance components were obtained with the computer program ASREML (GILMOUR et al., 2001) . The formula for estimated genetic gain (∆G) was calculated as (8) where the selection differential (S) is the difference between the means of the selected trees and the overall trial mean and h 2 i is the narrow-sense heritability calculated as (9) where σ 2 F is the variation due to family and σ 2 ε is the remainder of the genetic variation plus variation due to experimental error.
Results and Discussion
Average plantation height was 3.2 m and narrow sense heritability for height was calculated as 0.18. Using a hypothetical truncation selection at 0.1 m intervals 17 data sets were created and various parameters including selection intensity were calculated for each ( Table 1) .
Status number, N s , which describes the theoretical effective number of unrelated individuals, decreased as the census number of individuals in the progeny test decreased. However, the number of families retained remained fairly constant across most selection intensities (Fig. 1) . This was possible because many families contained individual trees that were both taller and shorter than the truncation threshold even at high selection intensities. Therefore, even under strong selection intensities each retained family contained only one or two half-sibs. The combined effect of high family number and low number of individuals per family kept Ns higher than would be expected from family or combined index selection.
Estimated genetic gain ranged from 1.9 % at a 73.9 % selection intensity (N s = 265) to 10.0 % at a 0.3 % selection intensity (N s = 4). These values are within the range of reported height gains for Scots pine (KRUSCHE et al., 1980; SQUILLACE et al., 1975) and indicate that this particular plantation is an adequate representation of Scots pine progeny tests. Genetic gains achieved by phenotypic thinning may exceed these estimates as selective rogueing can produce much higher heritabilities than calculated from the entire plantation (MATHE- SON and RAYMOND, 1984) . Additional genetic gains could be realized if seed was collected from only the phenotypically best females in gene resource plantations (HAR-WOOD et al., 1996) .
The inbreeding coefficient was relatively constant and very low across most selection intensities and genetic gain estimates (Fig. 2) . Because inbreeding depression is considered to be linearly related to F (e.g. WU et al., 1998; SORENSEN, 1997; DUREL et al., 1996) these data suggest that losses in height due to inbreeding depres- sion would be negligible. At first glance it is surprising that F remains consistent over a broad range of selection intensities. However the limited number of retained trees within a family plays a major role. When one tree remains in a family there cannot be any half-sib mating, and if two trees remain, the frequency of half-sib mating is reduced to half of what it would have been if there were large half-sib families. The retention of a large number of families and a small number of individuals within those families across a broad range of selection intensities results in a stable inbreeding coefficient and a correspondingly high N s . For example, at the 3.8 % selection intensity 48 trees from 38 different families were retained and N s = 43.
Variation in reproductive output occurs among individual trees reducing the effective number in an orchard or stand (VARGHESE et al., 2002) . Based on a literature review of flowering variation in stands, KANG (2001) suggested that variation in reproductive output could be accounted for by inflating the group coancestry by a factor of two, or decreasing N s by half compared to estimates obtained under the random mating assumption. Operationally, differences in reproductive output can be mitigated by collecting an equal number of seeds from each tree (BILA et al., 1999) .
Selfing in Scots pine occurs at very low levels. Estimates of multi-locus outcrossing rates indicate that over 97.0 % of seedlings will be of an outcrossed nature (BURCZYK, 1998; BURCZYK and CHALUPKA, 1997) . These low levels of selfing would not appreciably increase inbreeding depression in gene resource plantations because in conifers most selfed seed are aborted early due to an accumulation of lethal recessives. Moreover, selfed seedlings suffer from a lack of vigor and could be culled from nursery stock prior to planting.
Like the inbreeding coefficient, gene diversity, GD, was relatively stable across a wide range of selection intensities and genetic gain estimates (Fig. 3) . Steep Table 1) . Although gene diversity is negatively affected by selection intensity and drops rapidly at the highest selection intensities it will be positively affected by pollen flow into the plantation. Pollen immigration would have the greatest impact on ∆G, F and GD at the highest selection intensities when N s is relatively low, and for this reason the highest selection intensities are unrealistic for operational activities.
To estimate F this analysis assumed that all original parents were unrelated which is consistent with the practice of assuming the initial generation is unrelated with an inbreeding coefficient of zero (FALCONER, 1989) . Because the original parents for this study were selected across a wide geographic area the initial reference generation can be regarded as unrelated and the calculated inbreeding coefficient is the addition of relatedness since the initial selections.
This analysis also assumed that the seedlings in the progeny trial were true half-sibs, i.e. seedlings within a family all had different pollen parents, which may not be completely accurate. Open-pollinated families may contain individuals with the same pollen parent, which results in full sib status and an increase in the actual average pair coancestry. Additionally, the half-sibs come from different populations and widely separated seed parents which are "more unrelated" than the pollen parents within a half-sib family. This also raises the coancestry within family somewhat. We believe the quantitative effects of these cases to be small and unlikely to change the fundamental findings of this research. The possibility that the actual average pair coancestry can be somewhat higher than calculated strengthens the need for working with many families and limited selection intensities when applying this technique to gene resource populations.
These results indicate that low input options for tree improvement do exist in gene resource populations assuming 1) the seedlings are derived from a sufficiently large number of unrelated selections and 2) selection results in the retention of a large number of families represented by a small number of individuals. In our example truncation selection retained an appropriate number of families and individuals within families to meet the second assumption. Other genetic resource plantations may require a different selection method such as family plus within family selection to meet this assumption (and correspondingly different methods of calculating estimated genetic gain). Because each genetic resource population might have its phenotypic variation structured differently the various genetic gain, genetic diversity and inbreeding parameters will have to be calculated for each case to determine a feasible selection intensity. For genetic resource plantations that meet these two assumptions rogueing will result in appreciable genetic gains combined with high levels of gene diversity and a low inbreeding coefficient. The remaining trees can then be used to establish a seed production area and/or contribute to a long term breeding program. 
Introduction
Since the Palaeolithic period, humans have gathered the cones of the Mediterranean Stone pine for their large edible kernels (GIL, 1999; BADAL, 2001) . Scattered populations of the species range all over the Mediterranean countries, though the most extensive native forests grow in the Iberian Peninsula (THIRGOOD, 1981; PRADA et al., 1997) . Despite of its interest as a nut tree, Stone pine has never been domesticated but remains a genuine forest tree and the cone yield is gathered from forest stands. About 70 % of the world production comes from Spain and Portugal. At present, pine nuts are in increasing demand on the international market due to their delicate flavour and high nutritional value with 30 % proteins and 50 % fats, more than 80 % of them et.al.·Silvae Genetica (2005) 54-4/5, 189-197 
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